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Excited states in 56Zn were populated following one-neutron removal from a 57Zn beam impinging on a 
Be target at intermediate energies in an experiment conducted at the Radioactive Isotope Beam Factory at 
RIKEN. Three γ rays were observed and tentatively assigned to the 6+ → 4+ → 2+ → 0+ yrast sequence. 
This turns 56Zn into the heaviest T z = −2 nucleus in which excited states are known. The excitation-
energy differences between these levels and the isobaric analogue states in the T z = +2 mirror partner, 
56Fe, are compared with large-scale shell-model calculations considering the full pf valence space and 
various isospin-breaking contributions. This comparison, together with an analysis of the mirror energy 
differences in the A = 58, T z = ±1 pair 58Zn and 58Ni, provides valuable information with respect to 
the size of the monopole radial and the isovector multipole isospin-breaking terms in the region above 
doubly-magic 56Ni.
 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction
The exchange symmetry between protons and neutrons is one 
of the fundamental symmetries of modern physics and led to the 
concept of isospin in nuclear physics. Isospin symmetry is a con-
sequence of the almost perfect charge independence and charge 
symmetry of the attractive strong nucleon-nucleon interaction. 
* Corresponding author.
E-mail address: andrea.jungclaus@csic.es (A. Jungclaus).
However, isospin symmetry is naturally broken by the Coulomb 
force acting between protons. Furthermore, systematic studies of 
pairs of mirror nuclei, i.e. nuclei with interchanged proton and 
neutron numbers, over the last two decades have revealed that 
additional isospin-breaking (ISB) multipole effects exist (see, e.g., 
Refs. [1–4] and references therein). Most information has been 
gathered for nuclei in the 0 f7/2 shell, i.e. nuclei in the region be-
tween 40Ca and 56Ni [5], as summarized in Fig. 1. While many of 
these nuclei are rather easily accessible using heavy-ion induced 
fusion-evaporation reactions in conjunction with highly-efficient 
γ -ray spectrometers, the most neutron-deficient ones were studied 
https://doi.org/10.1016/j.physletb.2021.136784
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Fig. 1. Overview of isospin-symmetry studies in the region above 40Ca. Mirror pairs 
studied with fusion-evaporation reactions are shown in blue and those investigated 
employing in-beam γ -ray spectroscopy at intermediate energies with a 58Ni pri-
mary beam at NSCL in green [5]. The A = 56, T z = ±2 mirror pair subject of the 
present study is shown in red.
in recent years using in-beam γ -ray spectroscopy at intermedi-
ate energies at the National Superconducting Cyclotron Laboratory 
(NSCL) at Michigan State University [6–12]. On the theoretical side, 
the nuclei in this region can be described with very good accuracy 
by the nuclear shell model (SM) when the full pf valence space is 
considered [2,4]. A systematic comparison between the rich experi-
mental information and shell-model calculations allowed to estab-
lish a consistent picture with respect to several isospin-breaking 
contributions. In particular, it was demonstrated that in order to 
describe observed differences in excitation energies of states in 
mirror nuclei, two specific ISB contributions are required besides 
well-established Coulomb terms, namely the isovector multipole 
term, V B , and the monopole radial term, VCr [1,4,13–15]. In stark 
contrast, the question how these two additional ISB terms have 
to be treated above the 0 f7/2 orbital, i.e., in the Z = N = 28-50 
shell, is still an open question [15,16]. Isospin-symmetry studies of 
heavier systems therefore often depend on ad hoc assumptions and 
thus clearly suffer from the lack of decisive data points [15–19].
To tackle this question, we present in this Letter the first γ -ray 
spectroscopy of 56Zn (Z = 30, N = 26), which has an isospin pro-
jection of T z = −2. An in-beam study of this nucleus is at the very 
limit of feasibility and became possible only recently due to the 
availability of a high-intensity 78Kr primary beam at the Radioac-
tive Isotope Beam Factory (RIBF) at RIKEN. The observation of three 
γ rays, emitted from excited 56Zn ions produced via one-neutron 
removal from a 57Zn beam at intermediate energies, allowed to 
establish the yrast sequence of this nucleus. 56Zn, as well as its 
T z = +2 mirror nucleus 56Fe and the T z = ±1 pair 58Zn/58Ni, has 
only two nucleons outside the 0 f7/2 shell (see Fig. 1). Therefore, 
the influence of the next orbital, 0g9/2 , which quickly increases 
when more and more nucleons are added above 56Ni, is still small 
and these nuclei are still well described by SM calculations in the 
pf space. The A = 56, T z = ±2 and A = 58, T z = ±1 mirror pairs 
thus offer a unique opportunity to pin down the contributions of 
the 1p, 0 f5/2 orbitals to the V B and VCr terms in the upper pf
shell.
2. Experiment and results
The experiment was conducted at the RIBF, operated by the 
RIKEN Nishina Center and the Center for Nuclear Study of the Uni-
versity of Tokyo. A 78Kr primary beam with an average intensity of 
300 pnA and an energy of 345 MeV/nucleon underwent fragmenta-
tion on a 7-mm thick Be target. During their passage through the 
BigRIPS spectometer [20], the constituents of the resulting cock-
tail beam were identified based on their charge (Z ) and mass-to-
charge ratio (A/Q ) by means of the Bρ-E-TOF method [21]. The 
magnetic rigidity, Bρ , the time-of-flight, TOF, and the energy loss, 
E , were determined on an event-by-event basis thus enabling a 
complete identification of the beam components. The 57Zn ions, 
which followed a central trajectory in BigRIPS, reached the 6-mm 
thick Be secondary reaction target placed in the final focal plane 
of BigRIPS with an energy of 200 MeV/nucleon, translating into a 
mid-target velocity of β = 0.51. The secondary reaction products 
were identified via the measurement of Bρ , TOF, and E in the 
ZeroDegree spectrometer [20], leading to an unambiguous selec-
tion of reaction residues. To detect γ radiation emitted following 
the nuclear reactions, the reaction target was surrounded by the 
DALI2+ spectrometer [22] which was composed of 226 NaI crys-
tals covering polar angles in the range θ = 18◦-125◦ with respect 
to the beam axis. The individual crystals were calibrated in the 
energy range of interest using 88Y, 60Co, and 137Cs sources. The 
response of the array to in-flight decays was simulated using the 
Geant4 toolkit [23]. A photo-peak efficiency of 15% and a resolu-
tion after Doppler correction of 11% (FWHM) were obtained for 1.3 
MeV γ rays emitted at β = 0.51. Confidence intervals for the γ -
ray energies and absolute intensities were extracted by means of 
a χ2 minimization following the maximum-likelihood method for 
Poisson-distributed, binned data [24], and using model responses 
from the Geant4 simulation. Systematic uncertainties in the de-
duced model parameters and the geometry of the experimental 
setup were characterized using well-known transitions in 52Fe and 
54Ni, nuclei which were populated in the same experiment. The 
target position relative to the DALI2+ array deduced from the fit of 
known γ rays emitted from excited states with negligible half-lives 
was found to be in good agreement with the measured physical 
location. The accuracy obtained for the extracted γ -ray energies 
was better than 0.4%. This additional uncertainty was propagated 
accordingly in the γ -ray energy uncertainties reported below. For 
more details regarding the data analysis we refer to Ref. [25].
The prompt Doppler-corrected γ -ray spectrum of 56Zn, popu-
lated via one-neutron removal from 57Zn, is presented in Fig. 2(a). 
The spectrum was adjusted in the range between 400 and 2500 
keV including three DALI2+ response functions simulated for γ -
ray energies of 830, 1272, and 1380 keV. A smooth background 
was represented by a double-exponential function. Although the 
full-energy peaks of the 1272-keV and 1380-keV γ rays were not 
resolved, the occurrence of a well-defined global minimum for the 
two transitions was verified by a χ2 test in terms of the γ -ray 
energies and intensities of the doublet. Correlations between the 
model parameters were accounted for by minimizing the χ2 as a 
function of the remaining parameters describing the doublet [25]. 
The resulting χ2 matrix for the energies is presented in the in-
set of Fig. 2(a). The confidence intervals are taken as the extremes 
of the 1σ contour in the multi-parameter χ2 surfaces. The result-
ing γ -ray energies for the three observed transitions are 830(5), 
1272(13), and 1380(16) keV. The lifetimes of all relevant excited 
states in 56Zn are expected to be τ ≤ 10 ps based on a compari-
son with the T z = +2 mirror nucleus 56Fe [26]. This lifetime limit 
translates into an uncertainty of <1 keV for the transition energy 
when τ = 0 ps is assumed in the simulations. For the relative in-
tensities, values of 100(5), 76(19), and 58(11)%, respectively, were 
obtained from the χ2 analysis. Independent evidence for the dou-
blet structure of the broad peak around 1.3 MeV in Fig. 2(a) is 
provided by inspection of the background-corrected γ -γ coinci-
dence spectra shown in Fig. 2(b). When selecting the left part of 
the doublet, the higher-energy component is observed in coinci-
dence and vice versa. Furthermore, in both coincidence spectra a 
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Fig. 2. (a) Prompt γ -ray energy spectrum of 56Zn populated via one-neutron re-
moval from 57Zn. Only events in which less than five DALI2+ crystals fired were 
included. The red line represents the best fit of the spectrum. The simulated line-
shapes composing the fit are depicted in blue. The black dashed line represents the 
double-exponential background. The χ2 matrix for the γ -ray energies of the 1272-
1380-keV doublet is shown in the inset. (b) Background-subtracted γ -γ coincidence 
spectra for the left (blue) and right (red) part of the doublet, respectively.
line at 830 keV is visible. Thus, the three transitions are observed 
in mutual coincidence and it can be concluded that they form a 
γ -ray cascade. The ordering of the transitions within the cascade 
was established on the basis of the experimental intensities. For 
the resulting excited states at energies of 830(5), 2102(14), and 
3482(21) keV tentative spin and parity assignments of (2+), (4+), 
and (6+), respectively, are proposed based on the analogy to the 
mirror nucleus 56Fe, which is illustrated in Fig. 3.
3. Discussion
To analyze the experimental findings, large-scale shell-model 
calculations were performed for the A = 56, T z = ±2 mirror pair 
and the T z = ±1 nuclei 58Zn and 58Ni. The latter form the only 
other even mirror pair with only either protons or neutrons above 
the N = Z = 28 gap for which experimental mirror energy differ-
ences (MED) are available. In addition, the population of excited 
states in 56Zn via one-neutron removal from 57Zn was calculated. 
The shell-model code ANTOINE [27,28] was used and the full pf
valence space was employed, comprising the 0 f7/2 , 1p3/2 , 1p1/2 , 
and 0 f5/2 orbitals above the 40Ca core. Due to computational lim-
itations, the calculations for the A = 57, 58 nuclei had to be con-
strained to t = 8 particle-hole excitations across the N = Z = 28
shell gaps. No restrictions were applied at A = 56. The calculations 
were performed with the KB3GR [29] effective interaction. As com-
pared to its precursor, the well-established KB3G interaction [30,2], 
KB3GR features an improved description of the interaction among 
the 1p3/2 , 1p1/2 , and 0 f5/2 orbitals which was derived from a fit 
to the energies of about 200 excited states of nuclei with N or Z
in the range 28 to 32. Due to the way it was constructed, this in-
teraction is considered best suited for the study of the A = 56, 58 
nuclei under discussion in the present work. For the calculation of 
transition probabilities bare g factors and effective nucleon charges 
εp = 1.15e and εn = 0.80e were used for protons and neutrons, re-
spectively [31]. Fig. 3 shows the level scheme calculated with the 
isospin-conserving KB3GR interaction for the A = 56, T z = ±2 nu-
clei in comparison with experimental information. We note that 
Fig. 3. Partial level scheme of 56Fe [26] (left), KB3GR shell-model prediction for 
A = 56, T z = ±2 (middle), and yrast sequence of 56Zn as observed in the present 
work (right).
the known decay pattern of the non-yrast states in 56Fe nicely 
agrees with the shell-model expectation based on the calculated 
electromagnetic decay properties. The observed relative intensities 
of the three γ rays connecting the yrast line in 56Zn are also con-
sistent with those estimated from the calculated branching ratios 
and spectroscopic factors for one-neutron removal from 57Zn as-
suming constant single-particle reaction cross sections.
To study mirror energy differences, isospin-breaking terms have 
to be included in the shell-model calculations. Here, we follow the 
terminology and prescription of Ref. [4]. First, we add the Coulomb 
multipole matrix elements, VCM , to the nuclear ones and adjust 
the single-particle proton and neutron energies taking into account 
the electromagnetic spin-orbit, Vℓs , and orbit-orbit, Vℓℓ , correc-
tions. After diagonalizing this interaction in the model space for 
both mirror partners, we compute the expectation value of the 
schematic isospin-breaking isovector term, V B . This term was orig-
inally introduced for the 0 f7/2 shell, where V 2B = +100 keV was 
applied to the J = 2 coupling [1,3,4]. Later, it was shown that 
equivalent results are obtained applying either V 2B to the J = 2 or 
V 0B = −V
2
B to the J = 0 matrix element [14]. The latter approach 
has the important advantage of allowing to consider this term on 
an equal footing for all orbitals of the valence space [15,32,19]. 
For the mass range A = 51-54, i.e. the heaviest 0 f7/2-shell nuclei, 
a best value of V 0B = −71(3) keV was deduced from the experi-
mental data [14]. Here, this strength is applied to either only the 
0 f7/2 orbital or all four orbitals of the valence space in order to in-
vestigate the contribution of the 1p and 0 f5/2 orbitals to this term. 
Finally, we add to the MED the radial term, VCr , that takes into ac-
count state-dependent changes in the nuclear radius. Since low-ℓ
orbits in a shell have larger radii than higher-ℓ ones, changes in 
the relative occupation of these orbits modify the radius [1,4]. In 
the study of nuclei in the 0 f7/2 shell, usually only the occupancy 
of the 1p3/2 orbital, which typically is far below one nucleon, is 
considered with a standard strength parameter α = 200 keV [4]. 
Recently, however, it has been shown that when a low-ℓ orbit is 
occupied by more than one nucleon its radius decreases consider-
ably [33,34]. In the case of the sd shell, the difference between the 
root-mean-square radii of the 1s1/2 and 0d orbitals, ρs-ρd , reduces 
around A ≈ 28 by a factor of 2.5-3.0 [34]. In the nuclei under study 
here, the occupancy of the 1p3/2 orbital is typically in the range 
1.5-2.0. It is thus expected that a smaller value of α, as compared 
to the standard value, would be more appropriate in the present 
cases. Since the decrease of ρp-ρ f upon filling of the 1p3/2 orbital 
is not known, calculations were made for values of α = 0, 50, 100, 
and 200 keV in order to derive the best value of α for nuclei in 
the upper pf shell from a comparison to the experimental data. 
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Fig. 4. Comparison of experimental MED (red dots, from Ref. [5] and the present 
work) with the results of shell-model calculations with the KB3GR interaction for 
(a) the A = 58, T z = ±1 and (b) the A = 56, T z = ±2 mirror pair. Predictions are 
shown for α = 0 keV (green), 50 keV (black), 100 keV (blue), and 200 keV (gray) 
for the 1p3/2 orbital and, for the A = 58 pair, V 0B = −71 keV applied to either all 
pf orbitals (solid lines) or only to the 0 f7/2 (dashed lines). Panels (c) and (d) show 
the individual contributions to the MED. See text for details. Experimental data are 
taken from Ref. [5] and the present work.
For the 1p1/2 orbital with occupancies <0.5, the standard value 
α = 200 keV is used [15,33,35].
The predicted MED for the two mirror pairs of interest are com-
pared with the experimental results in Figs. 4(a) and (b), while 
Figs. 4(c) and (d) show the individual contributions to the cal-
culated MED. These are the Coulomb contribution, VCM , coupled 
to the multipole Coulomb single-particle shifts, Vℓℓ and Vℓs , the 
additional isovector term, V B , and the radial term, VCr . Fig. 4(a) 
evidences that the A = 58 pair is particularly sensitive to the con-
tribution of the orbitals of the upper pf shell to the isovector term, 
V B . In these nuclei, the 0 f7/2 shell is nearly completely filled, so 
that the contribution of this orbital to V B vanishes, see Fig. 4(c). In 
contrast, large values of around V B ≈ 50 keV are expected for the 
2+ and 4+ states when this correction is applied for all orbitals 
of the valence space. The dependence of the MED on the value of 
α, on the other hand, is very small for this mirror pair as shown 
in Fig. 4(a). The comparison between experimental and calculated 
MED shown in that figure therefore clearly demonstrates that the 
contribution of all pf orbitals to the V B term has to be taken into 
account in order to reproduce the experimental data.
Having settled the correct treatment of the V B term, we can 
now proceed to investigate the size of the radial term, VCr . This 
monopole term scales with the difference in Z of the mirror part-
ners. The new experimental data on the A = 56, T z = ±2 pair 
therefore offer a unique opportunity to estimate the strength pa-
rameter α for the 1p3/2 orbital in the region above the 0 f7/2 shell, 
i.e. for nuclei in which the occupancy of this orbital significantly 
exceeds one nucleon. As seen in Fig. 4(d), the SM calculations yield 
only small Coulomb and V B contributions up to the 4+ state. This 
is expected considering the particle-hole symmetry of these nu-
clei having one pair of nucleons and one pair of holes with respect 
to 56Ni. Furthermore, VCM + Vℓℓ + Vℓs and V B have opposite sign 
and nearly cancel for all states. It is thus mainly the radial term, 
VCr , which determines the trend of the MED curve, as observed 
by comparing Figs. 4(b) and (d). Best agreement between experi-
mental and calculated MED is found for a value of α around 50 
keV or even below, a value which is significantly smaller as com-
pared to that commonly used for nuclei in the 0 f7/2 shell. This 
finding constitutes first evidence that the radius of the 1p3/2 or-
bital decreases considerably when it is occupied by more than one 
nucleon. A similar behavior of the 1s1/2 orbital was recently dis-
cussed in Ref. [34]. To conclude the discussion of Fig. 4, based on 
the comparison between the measured and theoretical MED the 
magnitude of the V B and VCr terms in the region above the 0 f7/2
shell could be determined and thereby the open question raised in 
the introduction answered.
4. Summary
To summarize, we reported on the first γ -ray spectroscopic 
study of 56Zn which allowed to establish the yrast sequence of 
this T z = −2 nucleus up to the 6+ state. The mirror energy differ-
ences for the A = 56, T z = ±2, and A = 58, T z = ±1, pairs were 
compared with shell-model calculations performed using the full 
pf valence space and the KB3GR effective interaction. This com-
parison has put in evidence that the experimental data can only 
be reproduced when the isovector multipole term, V B , is consid-
ered on equal footing for all orbitals of the valence space, not only 
the 0 f7/2 shell. Furthermore, it has shown that the contribution of 
the 1p3/2 orbital to the radial term, VCr , is significantly quenched 
due to the decrease of its radius once its occupancy exceeds one 
nucleon. We note that these results, which set the basis for future 
studies of isospin symmetry in the upper pf shell, were obtained 
under the presumption that for the nuclei discussed in the present 
work the influence of the 0g9/2 orbital is negligible.
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